We study the transient pulse propagation in one-dimensional photonic crystal. Two new effects are identified: double reflection and slow-light ringing of transmitted and reflected pulses. We analyze these effects in superconductor-dielectric photonic crystal around the polariton resonance region of the dielectric material. Distinct double-polariton dispersions and narrow peaks in the transmission and reflection spectra are found when the plasma gap and the polariton gap of the dielectric overlap. Potential applications of these effect are discussed.
INTRODUCTION
Photonic bandgap materials have been extensively studied and incorporated into optical devices with various designs and applications over the last twenty years [1] . Interesting properties of the periodic structured materials have stimulated widespread research and development of the materials. Dielectric materials are usually used in photonic crystals (PCs). The dispersion of a superlattice, the simplest form of PC, can be studied analytically. It is interesting to study the situation where the intrinsic bandgaps of the materials such as plasma gap of a superconductor overlaps with the polariton gap [2] of a dielectric crystal. Although a bulk superconductor can also produce photonic band gaps due to Abrikosov lattice [3] , it is more practical to produce the photonic bandgaps by introducing structural periodicity to the superconductor [4, 5] . It is well known that superconductors reflect light with frequencies below c / L where L is the (London) penetration depth. Superconductors, incorporated into periodic structures, yield interesting optical properties, such as negative refraction [6, 7] . The study of superconducting PC has been extended to 2D case [8, 9] earlier.
In this work, we consider the pulse propagation through a finite superlattice and discover several new effects. We then explore these effect further in a more interesting case, i.e., PC composed of finite layers of superconductor and dielectric near polariton resonance, particularly when the plasma gap and polariton gap coincide and overlap. The resonance region is fundamentally interesting due to the profound steepening of gradient dK / d, which could have significant effect on the propagation of optical pulses. The two-fluid model is used to describe the complex dielectric function of the superconductor layers, as in previous work [4] . However, frequency-dependent dielectric function is used to describe the resonance region of the dielectric layer [10] . Realistic parameters are used to compute the dielectric functions of the two materials. Double polariton bands emerge in the band structure. We also find interesting features in the pulse propagation around the polaritonic resonances. The results can be understood by analyzing the features in the corresponding reflection and transmission spectra.
FORMULATION
The electrodynamics of the superconductor layer in the superlattice is described by the two-fluid model [4] and the local London's theory. The effect of spatial nonlocality or spatial dispersion can be described by the theory of Pippard [10] , but it is only important for very pure superconductors where the coherence length is comparable or larger than the penetration length. For the purpose of present studies, we focus on either metallic superconductors (MS) that are not pure or high-temperature superconductors (HTS), with negligible boundary effects on the optical response, such that the local London theory is applicable. Hence, the linear response of the superconductor can be described by the complex conductivity
where f n,s = n n,s / n with n = n s + n n as the total electron number density, = ne 2 / m is the conductivity in metallic state, is the electronic mean relaxation (collision) time, m and e are the mass and charge of an electron. The Lon-don penetration depth defined by L 2 = / f s 0 = m / 0 e 2 n s ͑T͒ depends on the temperature T. According to literature [11] , n s ͑T͒ / n 0 =1−͑T / T c ͒ where Ӎ 2 for HTS and Ӎ 4 for MS. This formula is inapplicable beyond the critical temperature T Ͼ T c due to negativity [12] . At small temperatures T / T c Ӷ 1 the penetration depth has quadratic dependence on temperature for single crystal and thin film HTS [13] , e.g., L = 151.2 + 0.00979T 2 nm for YBCO. The conductivity is related to the complex dielectric function by s ͑͒ =1+i͑͒ / 0 . Thus, the loss of signal via absorption is characterized by the real part of the complex conductivity of the superconductor.
For semiconductor ionic crystal, we use the dielectric function [2] 
, and the damping coefficient ␥ governs the phonon linewidth in ionic crystal and characterizes the imaginary part of dielectric function. This model is more realistic than the Drude-Sommerfeld model because it considers the interband transition, i.e., shorter wavelength light can promote electrons in lower-lying bands into the conduction bands.
The photonic band structure ( versus K) for a superlattice composed of alternating layers of superconducting and dielectric materials can be computed by inserting the dielectric functions into the Bloch-Floquet equation [10] :
͑2͒
where a = s + d is the dimension of a unit composed of a pair of superconductor (thickness s) and dielectric (thickness d) layers, k ͑s,d͒z 2 = ͑s,d͒ ͑ / c͒ 2 − q 2 is the z-component of the wavevectors in the dielectric and superconducting (subscript "s") layers, with the tangential x-component q = ͑ / c͒sin where is the incident angle. For E-field and H-field polarized normal to the propagation ͑x -z͒ plane, the respective expressions for 2 and
We focus only on the case of H-polarization with angle of incidents = 45°. The reason is that we found an interesting "polariton-like" gap called superpolariton gap for H-polarization and not E-polarization [4] .
We consider ceramic material such as BeO [14] with relatively low polariton frequency. T = 87 meV or 22.103 6 ϫ 10 13 s −1 with ⑀ 0 = 7.65, ⑀ ϱ = 2.99, and ␥ =23.651 2 ϫ 10 11 s −1 . This enables coupling with the plasma frequency of the superconductor. We plot the band structure as normalized frequency a /2c versus wavevector Ka /2 for different parameters: penetration depth L , normalized lattice constant a / L , dielectric ratio d / a, and the number of layers N.
We compute the reflection T = ͉t 2 ͉ and transmission R = ͉r 2 ͉ spectra from the [15] reflection and transmission coefficients:
and M ij as the components of the matrix
where m ij Ј are components of 2 ϫ 2 matrix mЈ = ͑m 2 m 1 ͒ −1 ,
medium and f is the final (output) medium, N is the number of superconductor-dielectric layers,
The results below are obtained for N = 30 layers.
The spectra will appear more meaningful when interpreted along with results of the pulse propagation. Instead of solving the Maxwell's equations for propagation, we introduce a simple method to compute the transient electric field of an output pulse. Consider an input pulse with Gaussian profile in time E in ͑t͒ =1/͑2͒E 0 e −t 2 /2⌬t 2 e −i o t corresponding to the spectrum
2 with a bandwidth ⌬. Since the optical response is linear, the reflected and transmitted fields from the PC can be obtained by Fourier transforming the products with the reflection and transmission coefficients:
The pulse intensities I R,T = ͉E r,t ͑t͉͒ 2 are elaborated in the subsequent section. We find oscillatory features or transient beating for I R,T ͑t͒. According to the complex analysis, this must be due to the existence of several poles in the denominators of r͑͒ and t͑͒, which can only happen if the functions contain oscillatory terms like sine and cosine. Figure 1 shows the properties of reflected and transmitted pulses for all-dielectric superlattice. The main results are the transient effects on the reflected and transmitted optical pulses. We find double reflection-a reflected echo (RECHO) that follows the (main) reflected pulse. This echo has the transmitted characteristic as a reflected pulse from the far end of the finite superlattice, thus its frequency components corresponding to the bandgap show no signal. The temporal spacing between the main pulse reflected at the entrance of the structure and the exit is proportional to the number of layers, N. When the bandwidth of the input pulse (Gaussian) increases and becomes comparable to the width of the bandgap, we have transient ringing/beating in the transmitted and reflected pulses with central frequencies within the bandgap. This slow light ringing (SLR) or oscillation effect is due to the interference of the slow light modes at two or more band edges. The interference generates leaky waves within the bandgap. Despite its low intensity, it may contain useful information. When the input pulse is long (narrow bandwidth) there is no interference. As the pulse bandwidth ⌬ increases, the components in the pulse that correspond to the band edges propagate at slower group velocity than other components, and the beating of the two or more frequencies give rise to the oscillatory tails. The SLR feature appears when the pulse bandwidth is greater than the width of a bandgap. The period depends on the size of the bandgap and the number of layers N but not on the bandwidth of the pulse. The connection between the period of oscillations and the bandgap could lead to new applications. The tail extension at the band edge gives the extent of the slow-light effect, which is typically more significant in the resonant region where the dispersion has a steeper gradient.
RESULTS AND DISCUSSION
We now investigate how the RECHO and SLR effects manifest in a superconductor-dielectric superlattice with features not present in an all-dielectric superlattice. For a superconductor superlattice with constant dielectric of Fig. 2 , the existence of low-frequency gap ⌬ lf ͑ Ͻ⌬ pl ͒ and superpolariton gap ⌬ sup is the result of the separation of the plasma gap ⌬ pl in the superconductor by a propagating branch. This so-called superpolariton mode is the result of successive tunneling of the certain propagating modes in the dielectric layer through the superconducting layer (with low loss and thickness in the order of L ). Both gaps ⌬ lf and ⌬ sup are unique because they correspond to nearly perfect reflection, a useful feature as an ideal reflector. In Fig. 2 , three main features in the pulse propagation are highlighted: the double reflection or RECHO, the extended signal due to slow-light effect at the superpolariton band edges, and clearer transient ringing (SLR) at the superpolariton gap for the transmitted pulse. These effects appear more prominent than in Fig. 1 due to the steep superpolariton dispersion. Note that there is no SLR within the low-frequency gap. This clearly shows that the beating is due to interference between (at least) two modes at the band edges.
As expected, the clarity of the slow light and SLR feature is clearer in the superconductor-dispersive dielectric superlattice, as shown in Figs. 3 and 4 for cases where the polariton gap and the plasma gap in the superconductor coincide with different extent. The corresponding band structures, transmission, and reflection are also computed. There are two polariton branches within the plasma gap in Fig. 3 . The polariton gap within the lowfrequency gap has divided the lowest-propagating branch into two, separated by the second polariton gap, referred to as ⌬ sup Ј . The peculiar arc feature appearing in Figs. 3 and 4 for small bandwidth is the result of combined RE-CHO and slow-light effects.
It is possible to create a sharp transmission peak by positioning the band edge of the superconductor within the polariton gap, i.e., at a /2c = 0.08 in Fig. 4 . Physically, the propagating modes of the superconductor can tunnel through the polariton gap, manifesting as the very narrow and steep transmission peak in the spectra (Fig. 3) , which is a useful feature for making a narrow bandpass and sensitive optothermal switch. For example, a small change in a (by temperature/pressure) or n s (through temperature) would result in switching between perfect transmission and perfect reflection-quite a different mechanism from that previously proposed [16] .
CONCLUSION
The optical response of a one-dimensional photonic structure composed of lossy superconducting layers and dielectric layers is found to be interesting around the resonance region with overlapping bandgaps. We analyze the transmission of an optical pulse through the structure for different pulse width and central frequencies. Transient beating is found in the output pulse, physically due to slow-light and spectral interference effects. The results are compatible with the computed reflection and transmission spectra. This new effect could be useful for analyzing and manipulating pulse propagation in photonic devices for optical communication technologies. Efficient broadband filters, reflectors, and modulators can be made from the superconducting photonic crystal.
